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VALIDATION OF A RESEARCH STMULATOR FOR INVESTIGATING JET
TRANSPORT HANDLING QUALITTES AND ATRWORTHINESS
CRITERTA DURING TAKEQOFF

By Charles T. Jackson, Jr., and C. Thomas Snyder
Ames Research Center

SUMMARY

A fixed-base simulator with an external visual display was used to
simulate a current turbojet transport throughout the range of certification
takeoff maneuvers. The resulting data and pilot opinions were then compared
to the actual flight test data for that aircraft. Correlation was achieved
between these data, and participating pilots agreed as to the duplication of
the performance and "feel" of the aircraft. The simulator development program
indicated the requirements for (1) valid aerodynamic data, in particular,
ground effect data, (2) lateral motion of the cockpit for tests involving
asymmetric thrust where the recognition of engine failure is important, and
(3) good response of the simulator visual display.

INTRODUCTION

Civil aircraft must meet airworthiness standards set by the Federal
Aviation Agency (FAA). As new types of aircraft are designed, new certifica-
tion tests (refs. 1 and 2) may be required to insure standards of safety,
reliability and repeatability that protect the traveling public and yet are
technically attainable. Supersonic transports will have unique characteris-
tics and require supplementary standards. Piloted simulators, which have
proven to be useful for the study of general handling qualities (refs. 3 to 5),
would appear to be useful in defining the relative importance or applicabil. -
ity of various certification criteria and to enable study of the significant
variables. The simulator could be used as a tool to guide flight testing
and Tor exposing possible areas of difficulty during the design and develop-
ment of 88T aircraft. In later stages of SST development the simulator would
be used to familiarize flight crews and to provide design information for SST
operational flight trainers (ref. 6).

A simulator intended for investigating the flying qualities of an
aircraft still in the design stage should first be validated using a well-
documented airplane as a reference. In this way, inadequacies and programming
errors may be located and corrected. To establish the validity of the simu-
lator for the sbove application, and to determine the particular features that
should be included in the simulator, a program was conducted at the Ames
Research Center, in which the maneuvers flown by a current subsonic turbojet
transport to show compliance with existing regulations were also "flown' on



the simulator, and the results were compared. The present report describes
the method and results of this validation with maneuvers restricted to the

takeoff regime.

Acknowledgement is made to the Federal Aviation Agency and, in particular,
to Mr. J. J. Tymczyszyn (Chief, West Coast SST Field Office) for their advice
and assistance during the establishment of the program. Appreciation is due
the Douglas Aircraft Company for the data and cooperation provided.

SYMBOLS
ANU ,AND airplane-nose up, airplane-nose down
ax 8y, 8z accelerations in wind axes (positive forward, right and down,
respectively), ft/sec?®
a.C. aerodynamic center
b wing span, ft
bmg,bng damping constant of main gear, nose gear, respectively, lb/ft/sec
Cp drag coefficilent, éfiggggﬁﬁi
Cr, lift coefficient, l—i%‘i
CLoo 1ift coefficient out of ground effect
Cy rolling-moment coefficient, rollizfsgoment
Con pitching-moment coefficient, pitchézgamoment
Crg Cm at zero angle of attack
Cn yawing-moment coefficient, yawigfsgoment
Cy side-force coefficient, iiﬂ:%
Ci/o cycles to damp to half-amplitude
c wing mean aerodynamic chord, ft
Cege center of gravity
d perpendicular distance thrust line is below ec.g., ft
D aerodynamic drag, 1lb



e

normal force on left, right, and nose gear, respectively
(compression, positive), 1lb

landing gear side force, lb

acceleration due to gravity, 32.2 ft/sec”

ground effect

c.g. height above reference level -- zero when airplane is in
level attitude with shock struts fully extended and main wheels
just touching runway (up, positive), ft

nominal height of c.g. above ground level in taxi attitude, It

height of pilot's eyes above ground when h =8 = 0, ft

height of tail (skid) above ground when h =6 = 0, ft

height of pilot's eyes above ground level, ft

vertical clearance between tail skid and runway, ft

horizontal stabilizer angle of incidence (AND, positive), radians

thrust angle of incidence with body X-axis (up, positive), radians

rolling, pitching, and yawing moments of inertia, respectively,
slug-£t2 (body axes)

engine thrust lapse with airspeed, 1b/ft/sec
nose gear strut spring constant, lb/ft
aerodynamic 1lift force, lb

landing gear
X¥-distance c.g. forward of a.c., ft

x-distance aerodynamic center forward of main gear, ft
x-distance nose gear forward of a.c., ft

x-distance of pilot forward of nominal c.g. position, ft
x-distance of tail skid aft of nominal c¢.g. position, ft

airplane mass, slugs

roll angular velocity (right roll, positivé),radians/sec



Tstatic

Tl:T2:
T3;T4

Vsmin

Vi

Vltest

pitch angular velocity (ANU, positive), radians/sec
dynamic pressure, p l’éz- , 1b/ft?

rudder pedal steering

rejected takeoff (refused takeoff)

yaw angular velocity (nose right, positive),radians/sec
wing reference area, 2

distance along ground track, ft

total thrust, 1b

net thrust per engine, 1lb

static thrust per engine, 1b

thrust from left outboard, left inboard, right inboard, and right
outboard engines, respectively, 1lb

time to damp to half-amplitude, sec

equivalent airspeed, ft/sec unless otherwise indicated
speed at which engine failure occurs, knots
speed at main gear lift-off, knots

air minimum control speed, knots

ground minimum control speed, knots

minimum unstick speed, knots

speed at time of rotation control input, knots
lg stall speed, knots

minimum stall speed, knots

takeoff decision speed, knots

modified V,; for particular test, knots
takeoff safety speed, knots

gross weight, 1b



yl’yE

Z1,52RsZng

[d°)

H1,oHg

Ky

distance from fuselage plane of symmetry to main gear, Tt

lateral displacement of pilot station normal to runway center
line, ft

distance from fuselage plane of symmetry to outboard and inboard
engines, respectively, ft

left, right, and nose gear strut compressions, respectively --
zero when fully extended, ft

angle of attack, radians

angle of sideslip (relative wind from right, positive), radians
flight-path angle (climb, positive), radians and percent

average aileron deflection (right aileron up, positive), radians

elevator deflection (AND, positive), radians

flap deflection, radians

main gear tracking angle (wheel-heading right of direction of gear
translation, positive), radians

nose gear tracking angle (wheel-heading right of direction of gear
translation, positive), radians

nose gear steering angle (wheel-heading right of fuselage center
line, positive), radians

rudder deflection (trailing edge right, positive), radians

ritch angle of airplane body axis relative to horizon (ANU, posi-
tive), radians

braking force
anding gear load

coefficient of braking friction, 1

sum of coefficients of rolling resistance and braking friction of
left and right main gear, respectively

coefficient of rolling resistance

coefficient of tire side force (parallel to axle)
. . 3

alr density, slugs/ft

engine first-order-response time constant, sec



rudder servo system first-order-response time constant, sec

angle of bank (right wing down, positive), radians

roll angle to sideslip parameter,

273
v

lol

|8

, deg/ft/sec

yaw angle (heading) of airplane relative to a reference direction
(nose right, positive), radians

azimuth angle of flight path (track) relative to a reference direction

(right, positive), radians

derivative with respect to time, gf
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TEST EQUIPMENT

The fixed-cockpit simulator was equipped with a typical transport flight-
test instrument display (fig. 1). Special instrumentation included angle-of-
attack and sideslip indicators, tail-skid ground-clearance indiecator, control
force readouts, data correlation counter, and individual landing gear lift-off
indicators.

Two general purpose analog computers were programmed to represent the
motion of the airplane in six degrees of freedom. Figure 2 shows one computer
and the recording facilities. Details of the computer program are given in
appendix A, equations in appendix B, and scaling limits in appendix C.

A "real world" visual scene (unity magnification) was provided by closed-
circuit TV projection onto a screen 11 feet forward of the pilot. The field of
view was approximately 33° vertically by 44° horizontally. The visual scene
was generated by a runway model (scale 1:300) on a moving belt driven past a
camera that was servo-driven in the other five degrees of freedom (fig. 3).
This provided the pilot with a simulated runway 10,000 feet long by 150 feet
wide.

A conventional transport wheel-type control arrangement was used. The use
of spring-damper systems to represent control forces provided only an approxi-
mation to the feel of the longitudinal control due to the absence of aerody-
namic force feedback in the simulator. The control column was equipped with a
stall warning shaker. The rudder pedals were equipped with differential toe
brakes and rudder-pedal-actuated nose-wheel steering (RPS).

Two throttles regulated the engine thrust. Equipment limitations dictated
that one throttle control both left engines and another the right engines.
Individual engines could be throttled or "failed" at the computer console.

Auxiliary equipment included an engine noise generator and a pneumatic
pilot seat for simulating "motion." (See appendix D for details.)

TEST CONFIGURATIONS

A Douglas DC-8 airplane, with a standard-leading-edge slotted wing and
powered by four JTM—A-3/5 engines, was considered representative of the cur-
rent class of turbojet transports and was chosen as the subject airplane for
the purpose of simulator validation. The geometry of this aircraft is shown
in figure 4. Reference 7 was the source of the aerodynamic data.

Four combinations of weight and c.g. position were simulated, represent-
ing nominal extremes in weight and c.g. location: (1) heavyweight, aft c.g.,
(2) heavyweight, forward c.g., (3) lightweight, aft c.g., and (4) light-
weight, forward c.g. These corresponded to weights of 200,000 1b and
300,000 1b, and c.g. locations of 19 percent ¢ and 32 percent ¢&. Emphasis
was placed on the heavyweight, forward c.g. configuration as the critical
configuration for the take-off flight-test maneuvers. Takeoffs were performed
using 15° and 25° flaps. Reference 8 details operation of the airplane.



EXPERTMENT PROCEDURE

Tests fell into two general categories. Initial tests were performed to
compare the performance and dynamic characteristics of simulator and airplane.
Then typical flight-test and airworthiness certification maneuvers (refs. 1 and
2) were "flown" as an overall check of the simulation capabilities for certifi-
cation work. Each maneuver is described in the corresponding subsection of the

Discussion and Results.

The simulator was flown by NASA, FAA, and airframe manufacturer pilots;
the FAA and company pilots had participated in the original certification
flight tests. All pilots were experienced in the use of research simulators.
Portions of the simulator tests were observed and checked by the same FAA
flight-test engineer who participated in the certification of the aircraft.
The degree of simulation validity was based on qualitative pilot opinions on
similarity of "feel and handling" of the simulated airplane as well as quanti-
tative duplication of the flight-test results, as reported in references 9

and 10.

Smooth air and sea-level standard conditions were assumed for the analog
computation. However, for realism, zero altimeter and zero heading instrument
readings were avoided as initial conditions.

Takeoff Settings and Reference Speeds

Table I is a compilation of the flap setting, stabilizer setting, and ref-
erence speeds that correspond to the two welghts and two centers of gravity

flown.
TARLE TI.- TAKEOFF SETTINGS AND REFERENCE SPEEDS

200,000 1b 200,000 1b 300,000 1b a 305,066 m
c.g. = 19 percent T| c.g. = 32 percent ¢ | c.g. = 19 percent T | c.g. = 32 percent T
5p, deg .25 25 15 25 15 » 25
1y deg 3.6 ANU 2.0 AND 5.5 ANU | 5.5 AWU | 1.2 AMD|. 1.2 AWD
Vi, knots 118 118 1h2 137 142 137
Vg, knots 123 123 153 148 153 148
Vs, knots 140 140 163 158 163 158
Vs i n? knots® 106 106 132.5 128 132.5 128
Time to 100
knots, sec 19 19 30 30 30 30

#lhese are reference speeds and do not reflect the actual change

shift.

in stall speed with c.g.

Derivation of the recommended stabilizer settings for the subject
airplane is discussed in reference 1l.

8
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DISCUSSION AND RESULTS

Initial Tests

Simulation of the complete takeoff, including the ground roll, requires
computation complexity beyond that associated with the usual low-speed simu-
lator flying qualities study. Contributing to this complexity are the reac-
tions of the landing gear to the ground, the aerodynamic effects of ground
proximity, and the large variations in speed and aircraft attitudes. Accurate
duplication of the airplane's performance is a requirement, due to the inter-
relationship between airplane handling qualities and performance, particularly
near the ground at marginalliy low thrust levels.

Initial trials of the simulator showed discrepancies between simulator and
flight characteristics. Rotation characteristics were different and minimmum
lift-off speeds were 6 to 8 knots below those expected. These discrepancies
were attributed to inaccuracies in the representation of ground effect on the
Lift and pitching moment. AdJjustments were made to these values as shown in
figure 5. The rotation difficulties were corrected by reducing the nose-down
pitching moment due to ground effect and by compensating for the downwash vari-
ations over the tail with varied flap settings. In order to correct the lift-
off speed disagreement, the beneficial 1ift increment due to ground effect was
decreased. This adjustment was somewhat arbitrary -- it is possible that the
basic lift characteristics "out of ground effect" were in error at the high
angles of attack (refer to discussion of stall speeds, p. 11) and that this was
compensated for by the change in ground effect lift. The simplifying assump-
tion was used that the drag coefficient corresponding to a discrete a 1is
unchanged by ground effect.

Additional comments regarding details of simulation techniques may be
found in appendix D.

Acceleration.- Acceleration checks were conducted for 15° and 259 flap
configurations and at two T/W conditions (all-engines-operative and one-
engine-inoperative cases at a standard takeoff gross weight of 300,000 1b).
The aircraft was in the normal taxi attitude and trimmed for takeoff.

Comparison of the simulator accelerations with the flight-test results
(fig. 6) shows good correlation, with the simulator points generally falling
within the flight-test scatter. Simulator aerodynamic drag began to become
excessive at 0° angle of attack with the 25° flap configuration at speeds in
excess of 140 knots as shown by low acceleration. This effect was ignored
since rotation was initiated at 148 knots or less and drag at the angles of
attack used during rotation and subsequent clinmb was accurate.

Ground handling.- Because the simulator was of the fixed-cockpit type, it
could not provide the motion cues normally available in the real world. How-
ever, results of the runway center-line tracking task indicate that visual cues
necessary to assist the pilot in accomplishing and holding center line are
available in a two~dimensional scene.




The increment of directional control effectiveness gained by the use of
rudder-pedal-actuated nose-wheel steering was .similar to that of the actual
airplane. Numerical examples of this result were obtained in the VMCG tests.
The ability to produce bank angles during the ground run has been used by
pilots to provide additional directional control. This effect was reproduced
in the simulation.

Directional control via differential braking of the main wheels was
similar to that of the actual airplane. It was found necessary to reasonably
simulate the brake "feel" characteristics in terms of pedal angle and applied
forces in order for the pilot to make normal use of brakes.

In the early stages of the simulation one pilot reported that he could
not produce bank angles on the ground at as low speeds as in the airplane.
When the maximum aileron wheel throw was reduced from +100° to the more nearly
correct value of *80°, and the scaling appropriately changed, the pilot
reported the proper response from the simulator. The pilot was unaware of the
changes. The proper bank angle would have resulted before the change had he
used a larger wheel deflection, since the maximum lateral control power was
unchanged. This wheel-gain change incident provides some evidence that pilots
were applying cockpit control deflections in the simulator of the same magni-
tude as they did in the actual airplane, and they expected to elicit the same
results. Evident throughout the simulation was the need for precise duplica-
tion of the airplane's primary cockpit controls, both in geometry and in
static and dynamic-force characteristics.

Takeoff transition.- The transition of the airplane from the runway to
the climb was examined by studying the loss in acceleration due to the rota-
tion maneuver and the performance demonstrated in reaching a height 35 feet
above the runway surface. Roltation times and the relationship of lift-off
speed to ground angle were checked. Rotation time is the time between the
rotation elevator input and main gear lift-off.

Simulator results indicate that the loss in acceleration due to rotation
was approximately 6 percent in excess of that experienced in the flight-test
runs. However, pilots commented that in the simulator the decrease in accel-
eration appeared slightly less than in actual fiight.

The time required to rotate to the lift-off attitude, following the
control input,is shown in figure 7 for various second segment (takeoff thrust
on three engines, takeoff flaps, gear retracted) climb (T-D)/W'.l Average
rotation times ranged from 2.9 seconds at the higher (T—D)/W to 3.5 seconds
at the low (T-D)/W levels. Corresponding flight-test times appear slightly
longer, ranging from 3.1 to 4.1 seconds. This resulted from the pilots
rotating the simulated airplane more abruptly to higher lift-off attitudes.
Ground angle at lift-off is presented as a function of the ratio of lift-off
speed to the lg stall speed (fig. 8) and is displayed in this manner so the

TSecond segment thrust and drag are measured at Vz speed which is the
speed attained at the end of the takeoff distance (when a height of 35 ft has
been attained).

10



flight-test values may be included independent of the gross weight. Simulator
points fall within the flight-test scatter.

Figure 9 shows time to 35 feet as a function of (T-D)/W. Note the
increase in scatter of test points as (T—D)/W is decreased to marginal values.
This demonstrates the increased dependency of the maneuver on pilot technique
as T/W values become low. Simulator points and flight-test values agree
well within the normal (T-D)/W range for heavyweight takeoff. During the
similator runs (TqD)/W was varied by varying thrust and leaving weight con-
stant; in the flight tests the weight was varied. Slightly different results
at the high and low (T-D)/W may be due to the different reference (stall)
speeds corresponding to the various weights. At high (T-D)/W simulator time
to 35 feet was short and speed was low; while at the low (T—D)/W, time was
long and speed slightly high. This indicates a difference in pilot technique
after lift-off. In the simulator at the higher performance levels, the pilots
tended to raise the nose prematurely to stop longitudinal acceleration shortly
after lift-off and to gain altitude abruptly, while in flight, the accelera-
tion was more slowly reduced to zero after lift-off in order to attain Vy at
35 feet. This tendency as well as the previously mentioned tendency to over-
rotate before 1lift-off may be attributable to the absence of a dangerous or
hazardous element in the simulator as compared to the flight-test situation.
Also influencing this tendency could be the lack of motion cues which serve
to assist the pilot in damping the pitching motion.

Climb gradients.- The lift and drag relationships of the simulator were
verified by documenting the gradients in the various climb segments at
300,000 1b gross weight (out of ground effect) and comparing them to the
flight-test results.

Results of the first segment climb gradient (takeoff thrust, takeoff
flaps, gear extended) are plotted against airspeed for 150 and 250 flap
configurations in figure 10. Curves are presented showing three-engine and
four-engine performance. Figure 11 shows first, second, and final segment
climb gradients versus engine thrust level at the speeds noted with three
engines operative.

For all takeoff climb gradients, simulator check points fell within the
flight-test scatter in the takeoff test speed range. As the stall speed was
approached, the performance on the simulator proved to be greater than the
flight-test values by as much as 1 percent excess climb gradient. This may
have been due to the use of incorrect lift and drag data near the stall where
extrapolation of the flight data was required; a second source of error was
the programming simplifications discussed in the section on stall speeds.
These approximations resulted in a higher L/D than that of the airplane with-
in the 10-knot speed region above the stall. These effects would provide
erroneous gradients only for the heavyweight three-engine or extremely low
T/W four-engine condition within this speed range. These conditions were not
encountered in the tests.

Stall speeds.- The lg stall speeds (the speed at which the 1ift is no
longer equal to the weight component perpendicular to the flight path) were

11



determined out of ground effect at idle thrust and are compared with the
flight-test values in the following table.

TABLE IT.- "ONE-G" STALL SPEEDS

. Gross wt = 300,000 1lb; c.g. = 19 percent €
Flap setting, — — A - -
deg VSlg’ simulator, Vslg’ flight test,
knots knots
25 132.5 133.5
15 139 139.5
0 151 165.5

For ease of simulation, Cy, versus o was programmed as a basic curve for
the 0° flap condition, and CI, was biased linearly for the various flap
deflections (as shown in the sketch below). This resulted in the angle of
attack at stall being independent of flap setting; in reality the airplane

Lift Curves stalls at a lower angle of attack in
the zero flap configuration. Accurate
representation was provided for the 15°
and 25° flap cases, with the result
that stall speed was incorrect at zero
o flap setting. Additionally, the exact
= Bp=IS shape of the 1lift curve near the stall

was not readily availlable and was
o therefore estimated as indicated. A

8r =0 stall situation in the simulator was
c not accompanied by a roll-off or a
t pitch-down because the addition of this
//// complexity was not warranted by the
present test objectives.
/,/” Flt. test . . .
Simulator Lateral-directional characteris-

tics.- Dynamic response checks of the
simulator were conducted by exciting
the Dutch roll with a rudder kick and
a recording the subsequent oscillation.
All simulator flights were without yaw damper. In figures 12-14 these results
are shown with those obtained from flight test (ref. 12). The flight-test
points should not be directly compared to simulator points, as the flight-test
points correspond to lighter gross weights and a higher altitude (9000 ft).

Figure 12 presents the Dutch roll periods with good agreement and
demonstrates a normel decreasing trend with increasing airspeed.

The general level of damping was quite low, requiring 10-26 seconds to
damp to one-half amplitude as shown in figure 13. With this low damping the
discrepancy between flight and simulator was not readily apparent to the
pilots; therefore, determination of the cause for disagreement was not con-
sidered worthy of a large expenditure of analysis time. ©Scme discrepancy can
be attributed to the erroneous use of approximately LO-percent excessive yaw
damping Cpn, on the simulator.

12



The ratio of roll angle to equivalent side velocity |¢|/|Ve| of the
simulator was less than that demonstrated in flight tests, being of the order
of 0.30° to 0.36°/ft/sec as compared to flight-test values of 0.43° to
0.53°/ft/sec (fig. 1hk). Hand calculations to check |o|/|Ve| yielded values
from 0.30° to O.39O/ft/sec, verifying that the simulator was properly repre-
senting the programmed derivatives.

The evaluating pilots agreed that the Dutch roll characteristics were
representative of the DC-8 with the exception that immediately after lift-off
at speeds below the normal 1lift-off speeds a lateral-directional oscillation
was frequently excited which was not evident during flight testing of the air-
plane. It was not established whether this was due to other lateral-
directional factors not accurately simulated or whether lack of motion cues
tended to produce more pilot induced oscillation in the simulator than occurred
in actual flight. In general, however, the pilots felt that this discrepancy
did not seriously interfere with their ability to conduct evaluations.

Continuous takeoff.- As the primary purpose of the simulator is to
investigate abnormal situations, relatively few normal continuous takeoffs
were performed specifically for data. However, pilots reported that, as a
whole, the simulation was a good representation of a subsonic jet transport
takeoff. Figure 15 shows a representative simulator takeoff time history.

Certification Tests

The initial tests discussed in the preceding sections were essentially a
check on the performance of the simulator. Results indicated a satisfactory
match of airplane characteristics. Therefore, additional tests were conducted
using as piloting tasks several of the maneuvers associated with current air-
worthiness certification. Interest in these later tests centered around
pilot-airplane performance, recognition and reaction times, and pilot subjec-
tive assessment as to the fidelity of simulation.

Accelerate-stop tests.- The accelerate-stop (rejected takeoff, RTO) test
provides the information required to determine the runway distances and times
required to stop should the pilot refuse or reject the takeoff for reasons of
engine failure or other abnormality. OFf major interest (in a research sense)
are the relative contributions of basic airplane drag, spoilers, brakes,
reverse thrust, etc., to deceleration (refs. 13 and 14), as well as the
controllability during the stop.

The simulator was not equipped with the handwheel which is normally at
the pilot's left hand for nose-wheel steering while taxiing and at low speeds,
so the pilot had to make all directional corrections with the rudder pedals,
making it difficult for him to maintain full braking with the toe pedals.

Engine failure recognition times varied from 1 to 3 seconds, while
failure of an outboard engine in the airplane was usually identified in less
than 1 second. Evident throughout the runs were the excessive distances
required to stop as a result of this extra delay in recognition and/or reac-
tion by the pilot. Contributing to this is the fact that acceleration
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continues for an instant after the throttles have been abruptly retarded due
to the engine time constant which permits only a slow thrust decay. Pilot
recognition of an engine failure must be obtained from the visual scene in the
simulator because of the lack of lateral motion cues. During Vygg tests,

poor visual system response was detected; see discussion on minimum ground
control speed.

To check the actual stopping performance, nonpiloted runs were made; the
average recognition and reaction times (for power reduction, spoiler deploy-
ment, and wheel braking) used were obtained from flight tests (ref. 9). The
simulator data of time and distance to stop then fell within the DC-8 flight-
test scatter (fig. 16). The nonpiloted runs were made using p = 0.136 and
p = 0.08 to represent typical stops on wet runways and ice, respectively.
Braking coefficients of friction vary with speed and are generally higher at
low speeds (see appendix A). For simplicity p was assumed constant at 0.28

for dry runways.

While reverse thrust was available on the simulator, no performance com-
parison was made. For simulation of advanced transport aircraft that may use
reverse thrust, this should be included even though such effects as reingestion
from adjacent engines and induced flow changes affecting the wing lift (and
thus the normal force available for braking) are difficult to estimate.

It appears that including a high response visual system and lateral motlon
capability would permit satisfactory simulation of rejected takeoffs.

Three-engine takeoff.- A large portion of the certification performance
requirements must be met with one engine made inoperative at some point during
the takeoff; hence it was desirable to match the airplane characteristics
under these conditions.

As in normel operation, takeoffs were continued after engine failure at
speeds above V. Of primary interest was lateral-directional controllability
and flight-path control. ©Some engine failures were scheduled while others were
“"surprise cuts." Following the failure the rudder (along with the RPS on some
runs) was used as the primary control in counteracting the resultant yawing
moments, and lateral control was used as necessary to hold the wings level.
Thrust was left at the takeoff value on the remaining three engines. The ini-
tial climb was then conducted at Vs instead of the Vs + 10 knots speed used
for the four-engine takeoff.

The majority of these tests involved failure of an outboard engine; how-
ever, an occasional surprise cut of an inboard engine was made to evaluate
the recognition times. Recognition times for the inboard failures were quite
varied but were approximately 1 second longer than required for recognition of
an outboard failure (as discussed in the section on accelerate-stop tests).

The pilots were able to maintain control and continue the takeoff without
difficulty from engine failures occurring at speeds ranging upward from Vj.
Pilots reported that the response of the simulator to an engine fallure was
much like that of the airplane, but slightly milder, perhaps due to the com-
bination of poor visual system response and the lack of motion. Also, a
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lateral-directional oscillation was frequently excited which was not evident
in the airplane and added to the pilot's task in controlling the three-engine
climbout (see section on lateral-directional characteristics).

Takeoff with incorrect trim.- Prior to a number of the takeoffs the hori-
zontal stabilizer trim was purposely set to an abnormal value -- in some cases
without the pilot's knowledge. The result of incorrect stabilizer trim
(mistrim) is not obvious to the pilot until VR 1is reached, when it is
revealed by the unusual forces required to rotate.

Full airplane nose down (AND) trim, forward c.g. and maximum takeoff
gross welght are an extreme combination that requires more pitching moment for
rotation than is available at the normal VR speed. If the airplane should
inadvertently be trimmed to this condition, whether by oversight, error, or
mechanical or electrical failure, the pilot would not, upon applying the normal
elevator input, obtain enough pitching moment to rotate the aircraft. Since
Vi speed has been exceeded, there is no choice but to continue the takeoff.
The desired pilot response in this particular case is for the pilot to hold
full back on the control column and start to retrim. When sufficient speed
has been attained the aircraft will rotate and 1ift off, though somewhat
farther down the runway than in a normal takeoff. Such incidents have occurred
in actual flight. If the pilot is not forewarned, he might, most naturally,
assume a control malfunction and resort to increasing back pressure as well as
releasing, and reapplying force. Thus, if the mistrim condition is not
detected and corrected during the initial portion of the takeoff run, the
airplane can go off the end of the runway before lift-off occurs.

In order to compare pilot reaction between simulator and flight, the
aforementioned situation was presented to several pilots in the simulator
without their prior knowledge. One reduced thrust to idle and attempted a
stop (at a speed in excess of Vi), going off the end of the runway; one '
assumed a simulator malfunction and called for reset of the computer; another,
who knew the consequences of extreme airplane-nose-down trim, held the column
full back until lift-off and retrimmed. Both the first and last responses
have occurred in flight.

In the simulator pilots were able to identify accurately the amount and
direction of incorrect trim from the control input required to rotate and the
resulting rotation pitch rate. This indicated that the simulator and the
airplane provided the same subjective impressions of the mistrim condition.
It was felt that the simulator was adequate for investigating trim effects on
takeoff characteristics.

Unstick speed.- The unstick speed is the speed at which the main gear
1ifts off the runway during takeoff. Of major interest is the minimum possible
value, Vypy, that can be obtained without taking advantage of the dynamic
effects associated with abrupt elevator inputs and yet yilelds acceptable
handling characteristics.

Simlator Vypy results were within 3 knots of flight ftests. TFigure 17
is a typical time history comparison. The pilots tended to climb more
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abruptly in the simulator than in the flight test, sacrificing acceleration for:
climb angle immediately following lift-off, as discussed in the section on
takeoff transition. Aside from this difference in piloting technique several
slight differences between the airplane and simulator in figure 17 are:

L. The airplane had a lower pitch response because it was slightly
heavier, had a slightly lower thrust-to-weight ratio, and carried less ANU

trim.

2. The airplane required greater stick forces during the rotation
input; the simulator curve in figure 17 is derived from the stick posi-
tion recording and does not include the transient force contributions
due to control damping and inertia. The airplane stick force trace was
read out directly from a force transducer.

3. The simulator stick force trace had less high frequency content
due to different piloting technique and/or the lack of cockpit motion
feedback, as well as to the difference in obtaining the force readout
as mentioned in 2.

At progressively lower T/W the acceleration to Vs after lift-off in
the simulator becomes increasingly dependent on pilot technique in airspeed
control and upon basic handling qualities. The same was true of the aircraft.

A rapid elevator input at certain speeds can speed rotation and induce
lift-off below Vyy due to dynamic effects associated with the high pitching
rate. This effect was demonstrated in the simulator and is discussed in

appendix E.

The hazardous VMy maneuver can be studied successfully on the simulator.
The addition of such environmental effects as the stick shaker and stall
buffet (by means of pneumatic seat cushion or other limited vertical motion)
add significantly to the realism of this maneuver.

Ground minimum control speed.- Records were taken of the unavoidable
excursions from runway center line experienced in the simulator as a result of
outboard engine failures. The pilot would be given a "surprise" engine cut
and would, upon recognition of which engine had failed, react with rudder (in
some cases full rudder) to oppose the yawing moment caused by the engine
failure. The minimum speed at which, following an outboard engine failure, the
maximum lateral deviation from the center line can still be held to 15 feet was
termed VMCg. Reference 15 provides an example of the procedures involved in

minimum control speed testing.

Initial simulator runs yielded data quite different from data of the
flight tests. Lateral deviations could be arrested at lower speeds in the
simulator than in the airplane. Reprogramming the rudder control to represent
more accurately the rudder power and the rudder servo-system lag moved the
curve to speeds above the flight-test values as shown in figure 18. Addition-
ally, the slope of the lateral deviation versus the Vgp curve was much too
shallow; for example, in the actual airplane an engine cut 10 knots below
VMCG required that the pilot reduce thrust on the opposing engines to keep the
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aircraft within the confines of the runway. In the simulator an outboard
engine failure 10 knots below the determined VMCG value could be controlled
within the runway boundaries with rudder alone. As in the case of the rejected
takeoff, the pilot must have good engine failure cues to successfully accom-
plish this maneuver. Part of the difficulty in the simulator was traced to

the deadband and sluggish response of the lateral and heading drives for the
visual system camera which delayed by a fraction of a second the possibility
of the pilot's recognition of the engine failure. Also contributing to this
may have been the absence of the lateral motion cue.

A special technique (used only in the simulator as a substitute for
motion cues), which consisted of giving the pilot a verbal cue of the word
"cut" at engine cut (the pilot having prior knowledge of the engine to be cut
but not the intended cut speed), produced a Yp Vversus VErp curve with the
same slope and displaced only a few knots below the flight-test data. The
verbal cue eliminated the engine-failure recognition time and the decision
time but not the pilot reaction time.

While not able to use the simulator to determine engine failure recogni-
tion times its usefulness for parametric studies of ground control character-
istics was demonstrated.

Adir minimum control speed.- The in-flight minimum control speed was
determined by slowing the airplane until full rudder control was required to
maintain a steady heading with an outboard engine inoperative. During flight
tests of this nature, it is common practice for the wind screen to be over-
layed with a transparent sheet of plastic on which are clearly scribed various
angles with reference to the horizontal. Thus, the pilot has a very sensitive
roll attitude indicator with which he alines the horizon. The overlay was not
used. for this series of simulator tests, since the visual scene was not suffi-
ciently accurate, leaving the attitude gyro as the primary roll reference.

The indicator, although quite small, gave acceptable (for simulator use) bank
angle information.

As Vymop 1s below the heavyweight stall speed, this test was conducted
at the 200,000 1b gross weight and at aft c.g. Results were obtained for
wings level and for a 5° bank angle assisting the rudder (bank away from the
inoperative engine).

With an asymmetric thrust of 14,600 1b and with 5° of bank the simulator
vy@A was determined to be 111 knots, 5 percent below the flight-test value

(fig. 19). That the simulator produced approximately ll-percent excess rudder
power (Cnbrarmax) was later substantiated by the VMCG results. It was dis-

covered that the rudder pedal stops were not supported rigidly encugh and may
have contributed to this error by permitting excess rudder travel.

One of the pilots noted, in a large number of tests on transport
airplanes (including the reference airplane), that for each degree of bank
away from the dead engine, an approximate 4-knot reduction in minimum control
speed can be realized. The simulator displayed this same sensitivity to bank
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angle. Wings-level VMCy was approximately 129 knots, or 18 knots above the
50 bank value, providing a dVyg/dP = -3.6 knots/deg.

As indicated by figure 19, approximately 60 percent of available wheel
throw away from the dead engine was required in order to hold 5° bank angle
and a constant heading. About 12 percent of available wheel throw was used at
the wings level minimum control speed.

It was concluded that the VMCA task was realistically and accurately
represented. The simulator is especially well-suited to parametric studies in
hazardous flight ranges. For example, the effect of weight on Vyp, and the
accompanying handling characteristics can be safely investigated.

CONCLUDING REMARKS

A piloted fixed-base takeoff simulation was developed for study of
advanced transport aircraft airworthiness requirements and handling qualities.
Confidence in the simulation was realized by successful duplication of the
takeoff certification tests of a subsonic jet transport. The following remarks
can be made regarding this simulator validation phase.

Since many of the takeoff certification maneuvers are conducted near the
ground where airplane performance, handling qualities, and piloting techniques
are intimately related, accurate representation of performance (as well as
dynamic response) is essential.

As ground effect exerts a significant influence on the rotation and 1ift-
off characteristics, accurate data are essential. Available information on
ground effect appears inadequate, suggesting a requirement for additional
research effort.

The pilots felt that the continuous takeoff on the simulator was
realistic, but the lack of motion was evident and decreased the realism in
takeoffs involving engine failures. Motion appears desirable for investiga-
tions involving dynamic asymmetric thrust conditions (e.g., minimum control
speed tests and refused takeoffs), where prompt engine failure recognition is
an important factor and for tests where lateral-directional and longitudinal
oscillatory motions would modify pilot control input.

While the simulator proved not to be useful for determining engine
failure recognition times, its usefulness was demonstrated for parametric
studies of ground control characteristics.

Pilots treat the simulated airplane in a less conservative manner than
the actual airplane -- rotating more abruptly and holding higher pitch atti-
tudes during the initial climb. This may be attributable to the absence of
the "anxiety factor” and possibly to the lack of motion cues.
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The added environmental realism obtained from the pneumatic seat cushion,
used both to simulate passing over the runway tar strips during takeoff roll
and for prestall buffet, aided in establishing the proper psychological
involvement on the part of the pilot.

In general, the degree of visual scene image quality required for takeoff
is not so great as that required for studies involving landing approach and
flare. However, there is the desirability of providing peripheral visual
cues -- near-visual-field information for Vi tests, far-field cues (horizon)
for VMg, studies, and both for continuous takeoffs. While the visual scene
response was adequate for many of the maneuvers performed, a high level of
dynamic response of the camera drive in the lateral and yaw modes is required
for maneuvers involving engine failure.

The simulator is especially well suited to parametric studies in
hazardous flight ranges. For example, the effect of weight on Vmcp and the
accompanying handling characteristics can safely be investigated.

The simulation has shown its potential usefulness as a tool in flight

test guidance and training of the initial crewvs.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Jan. 17, 1966
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APPENDIX A

COMPUTER PROGRAM PARTTCULARS
AXES SYSTEM

The computer was programmed to represent the airplane in six degrees of
freedom. The equations are presented in appendix B. For simplification and
accessibility to the variables to be recorded, the force equations were derived
with reference to wind axes while the moment equations were written about the
body axes (ref. 16). The forces and moments result from a combination of aero-
dynamic effects and gear reactions due to contact with the ground. The air-
plane was considered a rigid body and moments were taken about the center of
gravity. It was found helpful to reference airplane physical dimensions to
some fixed point near the c.g. -- in this program, the aerodynamic center was
used. Thus, the distance from the reference point to the c.g. is the only
change in dimension required when c.g. location is changed.

Small-angle approximations were used with regard to o, B, 7, and 4.
Thus, cos o = 1 and sin o = a, etc.

ALTITUDE SCALE CHANGE

A scale change was necessary to provide adequate resolution in altitude
during operation near the ground as well as an operating range of several
thousand feet. This provided 1 volt/ft for those circuits requiring sensitive
altitude signals, for example, landing gear reactions and ground effect. When
the altitude exceeded 90 feet, the scaling changed to 0.025 volt/ft in order
to allow operation of the program at altitudes as high as 4000 feet above the
ground level. The choice of 90 feet as a reference point was quite arbitrary,
but was selected as high enough to be above the altitude where ground effect

was significant.

FORM OF AERODYNAMIC DERIVATIVES

Aerodynamic forces and moments were generated from conventional deriva-
tives (ref. 7) represented as constants or linear functions of angle of attack.
The moment derivatives were converted from stability axes to body axes before
belng programmed into the computer. It may, in some cases, be expeditious to
perform this conversion in the computer at the cost of additional computation

equipment.,
LATERAL-DIRECTTONAL CHARACTERISTICS

Evaluation of the handling qualities, especially under abnormal condi-
tions (e.g., asymmetric thrust, etc.), requires a reasonable representation of
the lateral -directional characteristics of the simulated airplane. The values
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of a mumber of the stability derivatives are dependent on 1ift coefficient Cyp,.
This adds complication to the simulation problem because of the large varia-
tions of angle of attack and flap configuration encountered in the takeoff
maneuver. Because the number of computer components available is limited,
approximations were necessary in programming some of the derivatives. Most of
the stability derivatives were provided as constants while three (Cz P Czr,
and Cnp) were represented as linear functions of angle of attack; CYP and CYr

were set equal to zero. A higher degree of accuracy would have been realized
if it had been practical to represent: (1) Cnp, Cips CZB, and CYP as functions

of Cr; and (2) CnB’ Cnaa, and C16r as functions of a. Close scrutiny of the

variation of each derivative within the desired testing range is essential for
accurate representation of each different airplane simulated.

LANDING GEAR REPRESENTATION

Various methods of representing landing gear forces and an extensive
bibliography on landing gear dynamics are presented in reference 17. A linear
spring-damper system represented the nose gear in the present study. The main
gear shock struts were individually represented by a nonlinear spring and
linear damper. The circuit for computing landing gear forces is shown in fig-
ure 20. It is recognized that strut damping characteristics are not actually
linear, but the assumed linear action served satisfactorily in the absence of
more detailed information. .

As the tires serve to absorb most of the sharp, abrupt loading, i1t was
considered worthwhile to represent them in the main gear equations for later
tests involving landing as well as takeoff. This detail is desirable for land-
ing studies, but the need is less apparent for studies involving only takeoffs
from smooth runways.

TIRE ROLLING, BRAKING, AND SIDE-FORCE COEFFICIENTS

Values of the rolling resistance coefficient, p,., of 0.020 were suggested
in references 13 and 18, and of 0,017 in reference 9. The higher value
resulted in acceleration slightly less than that measured in the flight tests.
A value of 0.016, which gave good agreement with flight data, was selected.

A simplified approach was taken in the generation of the landing gear tire
braking and side (cornering) force coefficients., These coefficients are func-
tions of runway surface, speed, tire pressure, tire temperature, tire size,
tire tread, etc., as evidenced in references 19 to 25.

As mentioned in the discussion of the accelerate-stop tests, an average
effective value of 0.28 was used for the dry runway braking coefficient where
the braking force was equal to the product of the coefficient and the vertical
load on the tire (Fg), or

braking force = ung
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Maximum p 1s obtained by the pilot fully depressing the toe brakes and
holding them in this position, simulating an automatic braking system. The
airplane actually had a thumper modulated antiskid system to guide the pilot's
braking pressure. Since most advanced aircraft to be researched will have
automatically modulated brake systems to provide near maximum braking effi-
ciency, no attempt was made to install and simulate thumpers in the simulator.
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The sketch above illustrates the method of generating cornering forces.
Shown is a top view of a wheel with its plane of rotation at an angle, 8, with
the direction of motion. Due to the tracking angle &, there is generated a
cornering force Fg parallel to the axle which can be resolved into components
Fg cos B, a side force perpendicular to the direction of motion, and Fg sin B,
a drag force opposing the forward motion. The side force, Fg cos &, is repre-
sented in the simulator equations by

side force = Fg cos ® = Fg = Fg —— 8

The simplifying assumption that cos & equals unity restricts the use of the
equations to programs where the steering angle will always be reasonably small
(e.g., d < 0.25 radian). The simulator maximum pg of 0.5 is reached when
the critical tracking angle of 0.152 radian (8.7°) is exceeded. This critical
tracking angle actually depends on tire, runway surface, and speed, and can be
as high as 0.35 radian (20°) as shown in reference 20. The decelerating com-
ponent Fg sin & was not included in the simulation.

TAIL STRIKE CIRCUIT

In order to simulate the pitch attitude restriction imposed by the tail
contacting the runway surface, a nose-down pitching moment was provided
through a high-gain feedback when the tail clearance reached zeroc. This was
the analog equivalent to placing a strong spring under the tail. The gain or
spring constant was determined by experimenting with several values and choos-
ing one which did not excite an unstable oscillation. This simplified repre-
sentation provided only the pitching moment but not the vertical and

~longitudinal forces that would normelly accompany & tail strike.
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CONTROL SYSTEMS AND ENGINE RESPONSE

-t/
First-order systems, output = input (1L - ¢ T), were used to represent

engine and rudder responses during dynamic minimum control speed tests. Time
constants T of 1.8 and 0.5 sec were assumed for the engines and rudder sys-
tem, respectively. All other control systems were simlated with instantaneous
response.

In addition, the thrust lapse with increasing speed was accounted for by
a linear approximation. In order to avoid a decelerating force resulting from
the thrust lapse term when engines were reduced to idle, the term KV (appen-
dix B) was switched to zero when thrust was reduced below a value 50 percent
greater than idle.

DATA ACQUISITION

In addition to the 16 channels of analog recording capability, simple
track-and-store circuits (each comprised of an integrator wired as a voltage
follower plus an electronic comparator relay to switch off the input at the
appropriate time) were utilized to provide a precise direct readout of the
speed at lift-off of nose and main wheels without need for interrupting the
takeoffs.

COMPUTER COMPONENT REQUIREMENTS

Computation equipment requirements for the program described in this
document were as follows (in approximate quantities):

Integrating amplifiers « « ¢ « o« o« o « o o s ¢ s s o « 20
Summing and inverting amplifiers . + « « ¢« « ¢ « o« « o 110
Potentiometers v v o o o o o o o o o o o o o o o o o » 175
Servo-multipliers (5 cups each) + ¢ o ¢« ¢« « o ¢ o « + 5
Electronic multipliers « « « o o o o o o o o o » «» o » 12
Comparators (relays) o« « « o« o o o o o o o o o o o o » 12
Function generators « « « o o o o o o o o o o o o o o k4
RESOLVETS ¢« o o o o o o o o s o o o s s o o o o s o o 2
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APPENDIX B

EQUATIONS OF MOTION

Roll:
. pVeSb

oVSbZ
D= —§f§_ [CZBB + CZGaaa + Czarar + (Acl)spoilersJ + —ETET- Czpp + Czrr

i h
T Ymg 0
+ :'[; [yl(Tl - T4) + yg(Tg - Tg)] + E’ (FL - FR) = 'I—)z.' Hsamg6mg(FL + FR)

[cmo + qmag + Cmggde + Oy dp + CmaF6F + (MCp)1q + (Acm)spoilers

Iz - Ix oVSE2 .
+ (ACm)GE + (Acm)ﬁail strike} + < Iy > TP+ LIy Cmqq + Cm&q

1 -1 ng'i' ch-hoe

ng cg
—=——= Fpg - T, (Fr, + FR)

- f; (“ﬂFL + pgFR)
Yaws

P 2
. _ pVesb —_
r = _—EIZ !:CnBB + Cnarfir + Cngaﬁa + (Acn)spoilers:I + _—LLIZ (Cl’lrr + Cnpp)

Iy - Iy Vo MY Ymg
—_— p - T + = - + == Fn - T
+< T :>pq + I (T2 - Ts) T, (Ty - T,) T, (RRFR - BLFL)

an - lcg 5 @ ng + ch

-—— 0 +
+ =g oy Onglrg =~ 1, s Ome(FL + TR)

Longitudinal acceleration:
T V33
ay = V== - 5= [CD(a) + (ACD)SF + (ACD)spoilers + (ACp) 4 + (ACD)GE}

1 1
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Side acceleration:

-2
ov7s Lo, L L
m (CYBB + CY5r8r) “m B + o usangSHang"'m HSS 6;rng(]:?]'_. + FR)

ay = g sin ¢ +
Vertical acceleration:
1 . oV3s .
az = g cos @ - = T(ax + ip) - T Cr,(a) + Crg e + CLiHlH + CL6F6F

_ pvse 1
+ (ACL)SpoilerS + (&cg) GE} e Cqu = (an+ Fi, + FR)

Buler angles:
a a

y = - Tg sin @ - ?; cos @ , V>0
. 8z :
¢ =p+ ra - - B+ V7, V>0
. 8y a
Y, = v Cos ¢ - 7; sin ¢ , V>0
Angle of attack:
. %z
Q,=T+q-pB, V>0
Angle of sideslip:
a
f=xl-r+p, V>0

Heading:

Pitch attitude:

6 =7y +a+ By
Translations:
s =V
¥ = V sin Ww + lpr + qum
h =Vy
h =h+ zpe + hy

Rudder deflection:

Ore
Il
|
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Tail clearance:
htc=h'7't9+h0t
Thrust (each engine):
T

1
n- T, (Tnstatic

Landing gear reactions:
éng = -h - (lng - legla
Zpg = -h - (lng - lcglo
Fng = ¥ngZng * PngZng » Fpg > 0
bpgZng=0 when Zpg < O
Zy, = <~ Yygd + (Ipg + log)d
2y, = -h - Yp® + (zmg + 1.g)0
Fr, = £(Zg) + bpgly, ,  FL >0
bpeZ1=0 when 21, <O
Zg = -h + YmgP + (ng + legld
ZR = -h + VP + (lmg + lcg)®
Fp = £(Zg) + bpgly , Fr>0
bpgZR=0 when Zg < O
Gear tracking angles (restricted to zero crosswind case):

5 [Bng| < 0.152 radian

r
ng = SngS-B— (an - ch) v s
r

+ ch) v - B > ‘6mg‘ S 0-1.52 radian

Vv>0

Srg = (lnmg
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APPENDIX C

PROBLEM SCALING LIMITS

Dy ¢ o o o o« o o « ¥0.5 radian/sec® By « o + o« « o« + . 20.33 radian/sec
Py s ¢ o s o s o « 0.5 radian/sec By « ¢« « o &« ¢ » o« *¥0.33 radian

Gy o o » +0.5 radian/sec?® B, « +0.5 radian

Qs o o o o +0.5 radian/sec S, o +50,000 ft

Ty o o o o +0.5 radian/sec® Ypr +2500 ft

Ty o o o « +0.5 radian/sec h, « . +100 ft/sec

By oo s 50 ft/sec? h, . . +100 ft, L4000 ft
V, « o o +400 ft/sec by - +4000 ft

Bys e +200 ft/sec® F1,,FR> +400,000 1b

Byy o o e 100 ft/sec® Fngs + +50,000 1b
ZongsZ1,s2go +10 ft/sec Bngs * +0.5 radian
ZngsZ1,5%Rs +10 ft Brgs * +0.2 radian

Vs o e e s +0.5 radian/sec Ty « & +200,000 1b

Yy o eee o 0.5 radian ig, o +0.5 radian

Py o o o o +1.0 radian/sec Bor - +0.5 radian

Dy o o o 0.5 radian Bgs o 10.5 radian

@, o« e e e 1.0 radian/sec Op,y, 0.5 radian

Yy o o o +1.0 radian Bps o +1..0 radian

Gy o o o o +0.5 radian/sec By, sHRo +1.00

Ly o o o o +0.5 radian
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APPENDTX D
SIMULATION NOTES
COCKPIT MOTION REQUIREMENTS

There is reasonable evidence that pilot opinions and ratings on handling
qualities obtained in fixed-base simulators are, for some maneuvers, conser-
vative; the airplane can be expected to handle more satisfactorily than the
simulator. This is attributed by some to the fact that lead terms which are
normally provided by the pilot in response to motion cues must be generated by
the pilot on the basis of observed instrument indications and visual scene
observations, coupled with his experience. In cases where pilot induced and/or
reinforced oscillations due to accelerations at the cockpit would severely
degrade handling qualities in actual flight, fixed-base simulator results may

be invalid.

The impression is not meant to be given that large amounts of cockpit
motion are required for takeoff airworthiness studies. A fixed-cockpit simu-
lator will suffice for most work. Lateral or side motion would permit real-
istic engine failure cues and, if combined with cab roll motion and washout
circuitry, could possibly provide lateral -directional oscillation realism.
Next, in order of value to takeoff simulation, would be vertical cab motion
and cab pitch motion. However, the actual motions the pilot feels during the
takeoff are the low amplitude oscillations and jolts, of the order of 1-6 cps
(particularly in the lateral and vertical directions), due to aircraft struc-
tural modes driven by runway roughness inputs during takeoff roll, stall buffet
during lift-off at Vyy, and by rough air and geometry changes (gear retrac-
tions, etc.) during clinb, and, of course, by the initial responses to pilot
applied control inputs. These, in all likelihood, could be provided adequately
with very limited displacements that reproduce only the initial acceleration

CUES.

Discussions of cockpit motion may be found in references 3, 4, 5, 26, 27,
28, 29, and 30.

PNEUMATTIC "MOTION" SEAT

During the takeoff roll in a fixed-cockpit simulator there is, quite
naturally, no feeling of the building-up of speed as would be experienced in
the alrplane. This is due to the absence of any motion and the lack of out-
side world near-visual and peripheral fields of view. However, some substitu-
tion was provided by the pilot's pneumatic seat cushion being pulsed to
simulate the aircraft rolling over the 25-foot-spaced tar runway divider
strips.
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During operation in the near-stall region a stall-buffet pulsation was
put into the seat cushion. This along with a stick shaker (triggered by angle
of attack) to warn the pilot of impending stall contributed significantly to
the realism during some of the more critical maneuvers, such as determination
of the air minimum control speeds and minimum unstick speed.

Reference 5 describes the use of pneumatic seat techniques by another
experimenter.

OUTSIDE WORLD VISUAL SYSTEM

Visual systems designed for operational flight trainers generally do not
possess the degrees of accuracy, response, and smoothness required for simula-
tion of takeoff certification maneuvers.

The importance of a high degree of fidelity in the TV camera lateral and
heading drive system became apparent early in the simulation. Sluggish
response and deadband caused the pilot to overcontrol directionally while on
the takeoff roll.

Care must be taken that traditional methods for checking linear servo-
system performance, such as amplitude versus frequency and phase angle versus
frequency, are not the sole criteria of acceptability. The practical approach
is to observe the camera drive in operation, watching for lack of smoothness,
especially at low rates.

Some visual system requirements for takeoff certification work are:

1. Accurate responsive camera motion drives, especially at low
commanded rates, for prompt determination of engine failure without
ambiguity. The camera drive must be "tight," having very little
deadband or hysteresis.

2. A wide runway (300 feet) presentation with a well-defined center
line and divider strips, preferably at 25-foot intervals, parallel to,
and perpendicular to the center line. The lines parallel to the center
line permit the pilot to estimate lateral deviations and the strips pro-
vide forward speed cues.

3. Accurate runway positioning so the pilot is able to use runway
"distance remaining" markers as an indicator of location, and so that
the end of the runway appears at the correct location.

In general, the quality of visual scene image required for takeoff is not
so great as that required for studies involving landing approach and flare.
However, there is the desirability of providing peripheral visual cues -- near-
visual-field information for Vyy tests, far-field cues (horizon) for MCa
studies, and both for continuous take-off.
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COCKPIT SOUND SIMULATION

A simple engine noise generator was installed and consisted of "white
noise" plus a single frequeney to represent engine "whine," both modulated in
intensity according to the total thrust level.

Cockpit instrumentation provided the same 400 cps "whine" characteristic
as the actual aircraft instruments which utilize 400 cps alternating current.

NONPILOTED PERFORMANCE RUNS

Much of the simulator performance was documented using the computer only.
Typical of this procedure was the check of deceleration performance after a
rejected takeoff. Nonpiloted runs were made (fig. 16) using average pilot
recognition and reaction times taken from actual flight tests. Suitably
biased comparator relays were used to make the engine fail at the desired
speed, to cut remaining power, and to extend spoilers and apply brakes in
rapid succession and with accurate timing.

INSTRUMENTATION NOTES

Care was taken to bias all annunciator and warning flags on primary
flight instruments to the proper positions to avoid the possible consequences
of a pilot becoming simulator conditioned (unintentionally, of course) to
ignore the warning flag and later "chasing"” an inoperative ILS needle or flight
director during actual flight. For example, when the ILS glide slope needle
was not in use the "OFF" flag would indicate the fact.
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APPENDTIX E
DYNAMIC EFFECTS ON MINIMUM UNSTICK SPEED
BACKGROUND

The determination of Vyy speed is accomplished by accelerating down the
runway in the taxi attitude until shortly after Vltest’ when the elevator con-

trol is pulled full back and held until the aircraft begins to rotate. Eleva-
tor pressure is then relaxed to maintain the tail clearance corresponding to
the angle of attack for C » When sufficient speed has been attained to

provide 1lift greater than weight, lift-off will occur and Vypy is recorded.

Aircraft which, due to their geometrical shape, cannot be rotated to an
angle of attack corresponding to Ci, with the main wheels still on the

runway are said to be geometry limited. Several subsonic jet transports are
so limited and were required (during certification) to demonstrate a geometry
limited takeoff wherein the airplane was early rotated to the maximum possible
angle of attack (by allowing the tail to strike and drag the ground) until
sufficient speed was attained to permit lift-off. If the aircraft is not geom-
etry limited, considerable pilot technique is required to rotate to and hold
the proper tail clearance, especially at high thrust-to-weight ratios where
lift-off occurs almost simultaneously with rotation. At the low T/W associ-
ated with Vyy for three engines, more time is available between rotation and
lift-off to adjust tail clearance. Neither the visual scene nor the attitude
indicator provided the sensitive cues required for precisely holding pitch
attitude and so a tail clearance indicator (fig. 3), indicating from 5 feet to
zero (tail contact), was provided and used as in the actual flight tests.

DYNAMIC EFFECTS

Dynamic effects associated with rapid elevator input at certain speeds
can induce rotation and lift-off below Vyy. (Conventional Vyy is obtained
using a steady-state elevator input until the airplane is rotating.) These
dynamic effects are known to exist on several subsonic jet transports and are
attributed to such terms as Cmq, Cmea,s CLq, and CL&’

Wind-tunnel results from pitching and oscillating model tests yield the
combined effects of pitch rate q and angle-of-attack rate d. Before these
values are inserted into the simulator computer it is desirable to determine
the relative proportionsdue to q and to &. Estimates from aerodynamicists
ranged from 12:1 to 3:1, q being the larger. The present simulation neglected
Cr,. - The figure below shows the results of a series of simulator takeoffs both
piloted and computer-only involving step inputs of full elevator at progres-
sively higher speeds and serves to illustrate the type of detailed research
which may be accomplished.
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DC-8 Simulation:

Response to step input of "full up"
elevator at various rotation speeds
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I
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00 L | | | | | | ge
o
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Speed at elevator input, V, knots

* Second segment

If full elevator is abruptly applied at any speed below A, the nose gear
lifts off at 127 knots and the main gear at a Vyy of 142 knots; if between
A and B, the nose wheel lifts off immediately, and then settles back to Lift
off a second time. If the rotation input is initiated at any speed between
B and C, the nose wheel lifts off almost immediately, but the main gear still
lifts off at 142 knots; however, if the control column is snapped back at
speeds between C and D, the nose wheel lifts off the runway within one knot
later and the main wheels lift off a few knots below the 142 knot Vyy. These
same characteristics were demonstrated in the airplane.

Note that the bucket-shaped area formed in the curves covers a very
narrow rotation speed range and a good portion involves momentary or uncertain
lift-off. Even if lift-off is successful at speeds below VMy the alrcraft
may not be capable of accelerating and climbing out of ground effect within

the field length available.

Future programs could well utilize the simulator to study the relative
contributions of the various dynamic terms as a function of piloting technique.
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Figure 3.- View of visual simulator showing servo-driven TV camera and model runway.
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Figure 20.- Example of analog circuit for computation of landing-gear-reaction normal force
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“The aeronantical and space activities of the United States shall be
conducted 50 as to contribute . . . 10 the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—-NATIONAL AERONAUTICS AND SPACE ACT OF 1958
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TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
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nection with a NASA contract or grant and released under NASA auspices.
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TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:
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